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We have generalized a quasiclassical model for Weyl semimetals with a tilted band in the presence of an
externally applied magnetic field. This model is applicable to ballistic, moderately disordered, and samples
containing a high density of nonmagnetic impurities. We employ this formalism and show that a self-biased
supercurrent, creating a ϕ0-junction, can flow through a triplet channel in Weyl semimetals. Furthermore, our
results demonstrate that multiple supercurrent reversals are accessible through varying junction thickness and
parameters characterizing Weyl semimetals. We discuss the influence of different parameters on the Fraunhofer
response of charge supercurrent, and how these parameters are capable of shifting the locations of proximity-
induced vortices in the triplet channel.
I. INTRODUCTION
The topological state of matter has been a striking topic dur-
ing the past decade and attracted extensive attention both theo-
retically and experimentally1. The topological phases can host
topologically protected intriguing phenomena and exotic par-
ticles, which offer promising prospects to practical arena such
as topological quantum computation1. The research efforts in
this context have so far been fruitful and led to the exploration
of topological insulators2,3 and Weyl semimetals4–10, for in-
stance. A topological insulator possesses insulating charac-
teristics in its bulk material and shows perfect conducting fea-
tures in its surface channels. Also, the band touching points
of Weyl semimetals are the so-called Weyl nodes where the
Fermi surface, encompassing the nodes, has a nonzero Chern
number, thus topologically is nontrivial. The interplay of
topological phase with superconductivity is expected to result
in topological superconductivity, hosting Majorana fermions
governed by non-Abeian statistics11–13.
The conventional BCS superconductivity in Weyl semimet-
als can occur due to the inter-valley couplings while the
unconventional triplet correlations may arise by the intra-
valley pairings14–29. The latter case, if energetically favorable,
might create superconducting correlations with finite momen-
tum that places these correlations in the Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) phase14,18. The FFLO phenomenon was
first predicted for conventional BCS superconductors near
their critical magnetic field where the BCS superconductiv-
ity is suppressed and the amplitude of singlet Cooper pairs is
highly oscillatory30. Considering the topological phase tran-
sition, which is inherent to the bulk material of ballistic Weyl
semimetals, the existence of superconductivity in such ma-
terials can provide a unique platform to reveal the interplay
of superconductivity and topology31–35 that has both theory
and experiment attention26,27,36–58. In particular, quite recent
experimental progresses have observed enhancements in the
critical temperature of superconducting MoTe2, from 0.1 K
to 8.2 K, under pressures of the order of 11.0 GPa or from
0.1 K to 1.3 K through partially substituting the tellurium ions
by sulfur31,32. This enhancement is attributed to the interplay
of topology and superconductivity31,32. Nonetheless, this en-
hancement might be due to the emergence of type-II Weyl
semimetal phase in which the transition from type-I to type-II
phase increases the available density of states near the Weyl
nodes as recently explored in theory59–61. This transition can
be achieved by tensile stress or dopping59–61.
Experimentally, the presence of disorder and nonmagnetic
impurities in majority of samples is inevitable and may highly
influence data analyses of physical quantities sensitive to
them. A prominent example is the surface of topological
insulators that are expected to be ballistic, showing conduc-
tance values equal to those of theory predictions. However,
experimental measurement of the conductance of these sur-
face channels was inconsistent with theory predictions. This
seemingly discrepancy was resolved through magnetic scan-
ning methods and further conductance spectroscopy analyses.
It was demonstrated that disorder and impurities in these sur-
face channels are practically unavoidable and highly alter the
conductance of these channels62. To properly model realistic
surface channels of topological insulators with different densi-
ties of nonmagnetic impurities, a quasiclassical approach was
recently generalized in the presence of superconductivity and
arbitrary magnetization patterns, addressing both equilibrium
and non-equilibrium states63–65. Likewise, the focus of liter-
ature has so far been ideal systems and less attention paid to
disordered Weyl semimetals in the presence of superconduc-
tivity. In this paper, we develop a quasiclassical model for
Weyl semimetals with the inclusion of a tilting parameter60
and derive Eilenberger and Usadel equations for supercon-
ducting Weyl semimetals subject to an externally exerted mag-
netic field. The Eilenberger equation supports ballistic sys-
tems and samples with a moderate density of impurities while
the Usadel model covers samples with a high density of im-
purities and disorder that make the motion of quasiparticles
diffusive. As a practical application of the developed model,
we apply the Usadel equation to Weyl semimetal mediated
Josephson junctions. We study crossovers in charge supercur-
rent and demonstrate that a spontaneous supercurrent can flow
through a triplet channel, creating a ϕ0-junction, which is well
controlled via junction length and the material parameters per-
taining to Weyl semimetals that provide experimentally ef-
ficient control knobs. We also consider a two-dimensional
junction subject to an external magnetic field and show that
the charge current has a decaying oscillatory behavior by in-
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2creasing the external magnetic field, constituting Fraunhofer-
modulated diffraction patterns. In all cases, we evaluate the
influence of the tilting parameter on our findings.
The paper is organized as follows. In Sec. II, starting from
the low energy Hamiltonian, we present main steps of formu-
lating a quasiclassical model for Weyl semimetals. Consid-
ering a standard model for nonmagnetic impurities, we de-
rive the Eilenberger equation which is applicable to ballistic
and moderately disordered samples. Next, we consider sam-
ples with a high density of impurities, average the Eilenberger
equation over particles’ momentum, and derive the Usadel
equation. We then discuss the tunneling boundary conditions
and derive a charge current relationship for the model Hamil-
tonian we start with. In Sec. III, we consider a Josephson con-
figuration, find solutions to the Green’s function, and derive an
analytical expression to the supercurrent phase relation. We
study the spontaneous supercurrent, current reversals, and the
effects of tilting parameter on them. In Sec. IV, we consider
a two-dimensional junction subject to an external magnetic
field and study the behavior of supercurrent flow and super-
conducting vortices. Finally, we give concluding remarks in
Sec. V.
II. EILENBERGER AND USADEL EQUATIONS
We first discuss the Hamiltonian of normal state Weyl
semimetal and next incorporate superconductivity. The model
Hamiltonian that governs the dynamics of low energy parti-
cles inside a ballistic Weyl semimetal subject to an external
magnetic field reads:
H =
∑
σσ′
∫
dk
(2pi)3
ψ†σ(k)
{
γ
[
(kk + eAk)2 − Q2
]
σz
+ β
[
(kk + eAk)2 − Q2
]
+ αk(kk + eAk)σk − µ
}
σσ′
ψσ′ (k),
(1)
in which indices σ,σ′ ≡↑, ↓, k ≡ x, y, z, γ characterizes Weyl
semimetal and breaks the time reversal symmetry, Q is the
splitting of Weyl nodes, β describes the tilt of the Weyl cones,
αk is the strength of the inversion symmetry breaking param-
eter, and µ stands for the chemical potential. The particles’
momentum is denoted by k = (kx, ky, kz) and the external
magnetic field is given through its associated vector poten-
tial A = (Ax,Ay,Az). Here, σ = (σx, σy, σz) are the Pauli
matrices and e is the elementary charge.
To describe a system made of Weyl semimetal, we define
propagators;
Gσσ′ (t, t′; r, r′) = −〈TΨσ(t, r′)Ψ†σ′ (t′, r′)〉, (2a)
G¯σσ′ (t, t′; r, r′) = −〈TΨ†σ(t, r)Ψσ′ (t′, r′)〉, (2b)
Fσσ′ (t, t′; r, r′) = +〈TΨσ(t, r)Ψσ′ (t′, r′)〉, (2c)
F†σσ′ (t, t
′; r, r′) = +〈TΨ†σ(t, r)Ψ†σ′ (t′, r′)〉, (2d)
where T is the time ordering operator, t, t′ are the imaginary
times at r, r′, respectively. We consider elastic impurity scat-
tering potentials V(r) inside Weyl semimetal by a self-energy
term
Σimp(r, r′) = 〈V(r)G(r, r′)V(r′)〉, (3)
where we average over the positions of impurities. To ob-
tain the above self-energy term, we treat the impurity po-
tentials as perturbation and expand the Green’s function in
terms of the unperturbed Green’s function up to the second
order. We find the mean free time of particles in the disor-
dered Weyl semimetal as τ−1 = 2piniN0
∫
dΩnF (4pi)
−1|v(Ω)|2
in which v(Ω) is the Fourier transform of the scattering poten-
tial that depends on the relative angle Ω between the incident
and scattered direction of particles, N0 is the density of states
per spin at the Fermi level of the system and ni is the concen-
tration of impurities. Note that, for the sake of simplicity in
the subsequent calculations, we have neglected the interval-
ley scatterings and anisotropic terms and their effects on the
mean free time. In the particle-hole space we find the follow-
ing equation for the Green’s function:( −iωn + Hˆ(r) −∆ˆ(r)
∆ˆ∗(r) iωn + σyHˆ∗(r)σy
)
Gˇ(ωn; r, r′)
= δ(r − r′) + 1
2piN0τ
Gˇ(ωn; r, r)Gˇ(ωn; r, r′), (4)
in whichωn = pi(2n+1)kBT is the Matsubara frequency, n ∈ Z,
kB is the Boltzman constant, T is temperature, and ∆ˆ(r) is the
superconducting gap inside Weyl semimetal. The matrix form
of the Green’s function is given by;
Gˇ(ωn; r, r′) =
( −Gˆ(ωn; r, r′) −iFˆ(ωn; r, r′)σy
−iσyFˆ†(ωn; r, r′) σy ˆ¯G(ωn; r, r′)σy
)
.
We have denoted 2 × 2 matrices by ‘hat’ symbol, ˆ, and 4 × 4
matrices by ‘check’ symbol, ˇ. Next, we subtract from Eq.
(4) its conjugate and perform a Fourier transformation with
respect to the relative coordinates: R = (r + r′)/2 and δr =
r − r′. In order to simplify our calculations, we assume that
the Fermi energy is the largest energy scale in the system, and
thus the Green’s function is localized at the Fermi level (with
Fermi velocity vF). Hence, define the quasiclassical Green’s
function
gˇ(ωn;R,nF) =
i
pi
∫
dξpGˇ(ωn;R,p), (5)
in which dξp = vFdp. Incorporating these assumptions we
finally arrive at the Eilenberger equation68:
pkF
{
L, ˇ˜∇kgˇ
}
+
[
ωnτz + Γˇk +
1
2τ
〈gˇ〉, gˇ
]
= 0,
L = γσz + β, (6)
ˇ˜∇kXˇ ≡ ∇ˇkXˇ −
[
ieAkτz, Xˇ
]
,
Γˇk = −i∆ˇ − ipkFαkτzσk + iγQ2σz + iβQ2,
where τ = (τx, τy, τz) are Pauli matrices in particle-hole space,
pF = (pxF, p
y
F, p
z
F), and ∇ˇk ≡ ∂ˇx,y,z. The average over disorder is
shown by 〈...〉. In the above calculations, we have neglected
contributions of the order of L−2 and ωc/µ  1, where ωc is
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FIG. 1. (Color online). Schematic of a Josephson junction made of
a disordered Weyl semimetal. The junction plane is placed in the zy
plane and the tunneling interfaces between the Weyl semimetal and
superconductors are located at z = ±d/2. The macroscopic phase of
the left and right superconductors are labeled by θl and θr, respec-
tively. The width of junction is W and an external magnetic fieldH
is applied along the x axis, perpendicular to the junction plane.
the cyclotron frequency and L is a length scale, large enough
compared to the Fermi wave length; L  λF. Also, it is as-
sumed that L is the leading term in the Hamiltonian.
The Eilenberger equation can be more simplified in systems
with numerous impurities so that 1/τ > |ωn|, |∆|. In this case,
the quasiparticles move diffusively with random directions
and trajectories, which is the so-called diffusive regime69. In
the diffusive regime, we integrate the quasiclassical Green’s
function, Eq. (5), over all possible directions of quasiparti-
cles’ momentum:
〈gˇ(ωn;R,nF)〉 ≡
∫
dΩnF
4pi
gˇ(ωn;R,nF), nF =
pF
|pF| . (7)
In this regime, the Green’s function can be expanded through
the first two harmonics: s-wave and p-wave
gˇ(ωn;R,nF) = gˇs(ωn;R) + n
k
Fgˇ
k
p(ωn;R), (8)
where the s-wave harmonic in the expansion above (8) is
isotropic and its magnitude is much larger than the p-wave
harmonic: gˇs  gˇkp. By substituting this expanded Green’s
function into Eq. (6) and performing an integration over mo-
mentum directions we find
gˇkp = −τpkFgˇs
{
L, ˇ˜∇kgˇs
}
+ τpkFgˇs
[
iαkτzσk, gˇs
]
. (9)
Next, by substituting Eq. (9) into Eq. (6) and assuming that
∇kγ = ∇kβ = ∇kαk = ∇kAk = 0, we find a generalized Usadel
model for tilted Weyl semimetals69:
pkF
3
{
L, ˇ˜∇kgˇkp
}
− p
k
F
3
[
iαkτzσk, gˇkp
]
+
[
ωnτz + Γˇk, gˇs
]
= 0. (10)
Solving Eqs. (6) and (10), one finds appropriate Green’s
function that contains all information describing observable
physical properties of various systems. Hence, we now pro-
ceed to apply our formulated quasiclassical model to hybrid
structures made of disordered Weyl semimetals and supercon-
ductors, which are practical platforms that the Eilenberger and
Usadel equations are able to describe them properly. We note
that the quasiclassical Eilenbeger and Usadel approaches were
also generalized for spin-orbit coupled systems70–75, surface
channels of topological insulators63–65, and black phosphorus
monolayer (phosphorene)27 in the presence of superconduc-
tivity and a Zeeman field. A specific configuration is depicted
in Fig. 1. As seen, two superconductors are coupled through a
disordered Weyl semimetal of thickness d and width W. The
interfaces are located at z = ±d/2 in the xy plane. The macro-
scopic phases of the left and right superconductor terminals
are denoted by θl and θr, respectively. We consider low trans-
parent interfaces (the so-called tunneling limit) between the
superconductors and Weyl semimetal and neglect the inverse
proximity effect at the interfaces. We therefore find the fol-
lowing expression to the boundary conditions63–65,76,77
ζnkgˇkp =
[
gˇs, gˇSC
]
, (11)
in which nk is a unit vector perpendicular to a boundary, ζ con-
trols the opacity of interfaces, and gˇSC is the Green’s function
of the bulk superconductors. To study the quantum transport,
we derive an expression to the charge current flow (due to
the superconducting phase gradient across the device, in our
case). The quantum definition of current density is expressed
through the Hamiltonian Eq. (1) as follows
∂ρ
∂t
= lim
r→r′
∑
σσ′
1
i~
[
ψ†σ(r
′)Hσσ′ (r)ψσ′ (r)
−ψ†σ(r′)H†σσ′ (r′)ψσ′ (r)
]
,
(12)
where the left hand side is the time variation of charge density
ρ. Throughout our calculations, we consider a steady state
regime and, therefore, set ∂ρ/∂t = 0. We use the Fourier
representation of the Keldysh Greens function in equilibrium:∑
n
∫
dp
(2pi)3
eip·rGˇK(ωn;R,p), (13)
and we finally arrive at an expression for the current density in
the ballistic regime. By applying the quasiclassical approxi-
mations described above and making use of the harmonics ex-
pansion to the Green’s function, Eq. (8), we find the following
expression for the current density in the diffusive regime:
Jk =
iepi
3
N0pkFT
∑
n
Tr
[
τz
(
γσz + β
)
gˇkp
]
. (14)
To derive Eq. (14) we have assumed sufficiently small αk and
neglected terms of the order of αk(pkF)
−1.
III. SELF-BIASED SUPERCURRENT AND
SUPERCURRENT REVERSALS
In order to find the charge current density, one has to
solve either Eq.(6) (in the ballistic regime65) or Eq. (10)
4(in the diffusive regime63,64) together with proper boundary
conditions (11) and substitute the resultant Green’s function
into Eq. (12). In the diffusive regime, the Usadel equation
(10) results in nonliner boundary value differential equations
that has to be solved numerically79. To obtain decopled lin-
ear differential equations that are simpler to solve and pro-
vide analytical solutions, we expand and linearize the Green’s
function aournd the bulk solution gˇ0(ωn;R), i.e., gˇ(ωn;R) ≈
gˇ0(ωn;R) + fˇ (ωn;R)76. This approximation is experimentally
relevant and accessible in a low proximity limit either close to
the superconducting critical temperature or devices with low
transparent interfaces76. The external magnetic field is given
by its associated vector potential that satisfies the Lorentz
gauge ∇ · A = 0 and Hx = ∇ × A. As depicted in Fig.
1, we consider a situation where the external magnetic field
is directed towards x direction, perpendicular to the junction
plane, and, therefore, can be described byA = (0, 0, yHx). The
Usadel equation (10) for the triplet channel in the presence of
the external magnetic field within a tilted Weyl semimetal re-
sults in the following decoupled linear differential equations:
(β + γ)2∇2k f↑↑(ωn) − [αz + 2eAz(β + γ)]2 f↑↑(ωn) − 2i(β + γ)[αz + 2eAz(β + γ)]∇z f↑↑(ωn) + ωnD−2 f↑↑(ωn) = 0, (15a)
(β − γ)2∇2k f↓↓(ωn) − [αz − 2eAz(β − γ)]2 f↓↓(ωn) + 2i(β − γ)[αz − 2eAz(β − γ)]∇z f↓↓(ωn) + ωnD−2 f↓↓(ωn) = 0, (15b)
(β + γ)2∇2k f˜↑↑(ωn) − [αz + 2eAz(β + γ)]2 f˜↑↑(ωn) + 2i(β + γ)[αz + 2eAz(β + γ)]∇z f˜↑↑(ωn) + ωnD−2 f˜↑↑(ωn) = 0, (15c)
(β − γ)2∇2k f˜↓↓(ωn) − [αz − 2eAz(β − γ)]2 f˜↓↓(ωn) − 2i(β − γ)[αz + 2eAz(β − γ)]∇z f˜↓↓(ωn) + ωnD−2 f˜↓↓(ωn) = 0. (15d)
Here, index k runs over y, z in a two-dimensional system
and x, y, z in a three-dimensional junction.
To begin, we first set the external magnetic field zero, i.e.,
Hx = 0 in Eqs. (15). By considering the low proximity limit,
described above, we find appropriate expressions to the com-
ponents of Green’s function. For example, the components
f↑↑(ωn; z) and f˜↑↑(ωn; z) become:
f↑↑(ωn; z) = F (ωn) exp
(
−2iαzdz
β + γ
) {
exp
(
i(αzd(z + 1) + θr(β + γ) + λnD−1(1 − z))
β + γ
)
+
exp
(
i(αzd(z + 1) + θr(β + γ) + λnD−1(z + 1))
β + γ
)
+ exp
(
i(αzdz + βθl + γθl − λnD−1(z − 2))
β + γ
)
+ exp
(
i
z(αzd + λnD−1)
β + γ
+ iθl
)}
,
(16a)
f˜↑↑(ωn; z) = F (ωn) exp
(
−iαzd + (β + γ)(θl + θr)
β + γ
) {
exp
(
i(αzd(z + 1) + θr(β + γ) − λnD−1(z − 2))
β + γ
)
+
exp
(
i(αzdz + (β + γ)θl + λnD−1(1 − z))
β + γ
)
+ exp
(
i(αzdz + (β + γ)θl + λnD−1(1 + z))
β + γ
)
+ exp
(
i(αzd(z + 1) + (β + γ)θr + λnD−1z)
β + γ
)}
.
(16b)
Here, we have defined F (ωn) = iD
{
λnζ[exp
(
2iλnD−1
β+γ
)
−
1]
}−1
ft, D2 = 2p2Fτ/3, and λ
2
n = −ωn/d2. Our analyses of
the boundary conditions and the Usadel equation demonstrate
that the supercurrent in this system can flow through a triplet
channel. Therefore, we assume a triplet component ft to gˆSC in
Eq. (11). This finding may explain a recent experiment where
a long-ranged supercurrent was observed through a Joseph-
son junction made of WTe2 Weyl semimetal51 inline with pre-
vious works70,71,73–75. In the singlet channel we recover the
results of a conventional SNS junction (up to the zero order of
αzp−1F ). We only presented two representative components of
˜ˆf (ωn; z) and fˆ (ωn; z). To obtain the total charge current pass-
ing through the junction, Ic, we substitute these solutions into
Eq. (14) and, after performing calculations, find the following
charge supercurrent phase relation
Ic = epiN0AD3T
∑
n
f 2t
ζ2λn
csc
(λnD−1
β − γ
)
csc
(λnD−1
β + γ
) {
(β − γ) sin
(λnD−1
β + γ
)
sin
( αzd
β − γ − ϕ
)
− (β + γ) sin
(λnD−1
β − γ
)
sin
( αzd
β + γ
+ ϕ
)}
,
(17)
in which A is the cross section of the Weyl
semimetal/superconductor interface, ϕ = θl − θr, and
we define I0 = epiN0A. As seen in Eq. (17), the super-
current experiences a total phase shift Θ0(β, γ, αz) made of
ϕ±0 = dαz/(β ± γ) that renders the junction grand state into
values other than the standard 0 or pi states in conventional
Josephson junctions. This phase shift causes a self-biased
supercurrent at zero phase difference ϕ = 0. Note that ϕ±0
are independent of D. This finding illustrates that the ad-
dressed phase shift is robust against the density of impurities
considered in the system, i.e., ϕ±0 are independent of τ.
Hence, this phenomenon can obviously occur in moderately
disordered and ballistic regimes as quite recently explored
in experiment67 inline with theory predictions for topolog-
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FIG. 2. (Color online). Normalized charge current through the disordered Weyl semimetal Josephson junction as a function of junction
thickness d(piξS )−1. (a) The supercurrent is shown for differing values of β = 0.15, 0.30, 0.45, 0.60, and 0.75 with fixed γ = 0.1 and αz = 0.5
fixed. (b) The supercurrent is shown for differing values of αz = 0.2, 0.4, 0.6, 0.8, and 1.0 with fixed γ = 0.1 and β = 0.6.
ical insulator surface channels63–65 and black phosphorus
monolayer26,27. Also, the explored ϕ0 state in this paper
relies on the inherent parameters of Weyl semimetal without
involving Zeeman field26,27,63–67. It is worth mentioning
that the appearance of 4pi-periodic current phase relation in
topological insulator Josephson junctions might be due to the
presence of Majorana Fermions although such a 4pi-periodic
supercurrent phase relation can be theoretically obtained
in the trivial regime of a ballistic topological insulator65,78.
Figure 2 illustrates the normalized charge supercurrent as a
function of the thickness of Weyl semimetal d normalized by
the superconducting coherence length ξS for differing values
of the tilting parameter β, Fig. 2(a), and strength of inversion
symmetry breaking parameter αz, Fig. 2(b), at zero phase
difference, i.e., ϕ = 0. In Fig. 2(a), considering representative
values, we set αz = 0.5, γ = 0.1 fixed and vary β, whereas in
Fig. 2(b), β = 0.6, γ = 0.1 are set fixed and αz varies. We see
that the supercurrent decays and experiences multiple sign
changes as a function of d in both cases. The sign change
occurs faster by decreasing β and increasing αz. This can
be understood by Eq. (17). Increasing αz or decreasing β,
the phase shift increases and, therefore, by varying d, faster
oscillations occur. Equation (17) demonstrates that β, in the
absence of αz, is unable to induce phase shift in this channel
while in the presence of a finite αz, the tilting parameter
changes the magnitude and sign of the phase shifts, making
a total phase shift Θ0(β, γ, αz). The inversion symmetry
breaking parameter, αz, may respond to a mechanically
exerted deformation efficiently26,27 and, thus, the spontaneous
supercurrent and current reversals might be effectively
controllable through external knobs regardless of the density
of impurities and disorder present in the system.
The tilting parameter competes with the inversion sym-
metry breaking parameter in inducing supercurrent reversals.
The increase of β results in shifting the locations of cur-
rent reversal points and, in general, reduces the number of
crossovers that can appear in a specific interval of junction
thickness, Fig. 2(a). This is opposite to the effect of αz shown
in Fig. 2(b). Furthermore, by increasing β, the supercur-
rent vs the junction thickness enhances and decays slower,
whereas αz is unable to influence the degree of supercurrent
decay. From Eq. (17), the supercurrent is proportional to
(β±γ)csch(1/d(β−γ))csch(1/d(β+γ))sinh(1/d(β∓γ)) sin(ϕ±0 ).
It is apparent that αz is unable to effectively enhance or sup-
press the magnitude of total supercurrent while β and γ can
highly alter the total charge current. If we set αz = 0, the su-
percurrent as a function of junction thickness d decays with no
current reversal, showing long-ranged characteristics51. We
now proceed to study Weyl semimetal Josephson junctions
subject to an external magnetic field.
IV. FAUNHOFER RESPONSE AND PROXIMITY
VORTICES
In order to study the response of charge current to an ex-
ternal magnetic field in a Weyl semimetal mediated Joseph-
son junction, we consider a two-dimensional configuration
with H = (Hx, 0, 0) depicted in Fig. 1. We assume that
W  d, define Φ = piWdHx, Φ0 = h/2e a quantum flux,
and Φ = Φ/Φ063,76,79. The resultant Green’s function compo-
nents; f↑↑(ωn; z, y), f˜↑↑(ωn; z, y) and calculated current density
flowing in the z direction are given by;
6FIG. 3. (Color online). Spatial map of absolute value of the Cooper pair wavfunction, inside the two-dimensional Josephson junction,
normalized by its maximum value (dark blue and dark red are equal to zero and unity, respectively). The coordinates z and y are normalized
by the junction length and width, d and W, respectively. The superconductor parts are connected to the disordered Weyl semimetal in the z
direction along the y axis at z = ±d/2. We set different values to the titling parameter β = 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90 in the presence
of a finite inversion symmetry breaking parameter αz = 0.5 and γ = 0.1.
f↑↑(ωn; z) = F (ωn) exp
(
− i(z(αzd + λnD
−1) − 2βΦy(z − 1) − 2γΦy(z − 1))
β + γ
) {
exp
(
i(αzd + θr(β + γ) + λnD−1(2z + 1))
β + γ
)
+
exp
(
i(αzd + θr(β + γ) + λnD−1)
β + γ
)
+ exp
(
i(β(2Φy + θl) + γ(2Φy + θl) + 2λnD−1z)
β + γ
)
+ exp
(
2iλnD−1
β + γ
+ 2iΦy + iθl
)}
,
(18a)
f˜↑↑(ωn; z) = F (ωn) exp
(
− i(αz(d − dz) + β(2Φyz + θl + θr) + 2γΦyz + γ(θl + θr) + λnD
−1z)
β + γ
) {
exp
(
i(αzd + (β + γ)θr + 2λnD−1z)
β + γ
)
+
exp
(
i(αzd + θr(β + γ) + 2λnD−1)
β + γ
)
+ exp
(
i((β + γ)(2Φy + θl) + λnD−1(2z + 1))
β + γ
)
+ exp
(
i((β + γ)(2Φy + θl) + λnD−1)
β + γ
)}
,
(18b)
Jz(y) = epiN0D3T
∑
n
f 2t
ζ2λn
csc
(λnD−1
β − γ
)
csc
(λnD−1
β + γ
)
×{
(β − γ) sin
(λnD−1
β + γ
)
sin
( αzd
β − γ + 2Φy − ϕ
)
− (β + γ) sin
(λnD−1
β − γ
)
sin
( αzd
β + γ
− 2Φy + ϕ
)}
.
(19)
To obtain the total charge current flowing through the junc-
tion, we integrate the charge current density flowing in the z
direction, Eq. (19), over the y direction (perpendicular to the
current direction), i.e., Ic =
∫ +W/2
−W/2 Jz(y)dy, assuming that the
junction width is equal to W. This integration leads to the
standard Fraunhofer diffraction pattern vs the external mag-
netic flux with a multiplication of Eq. (17). Therefore, the
charge current in the presence of an external magnetic field
perpendicular to the junction plane has a form of
Ic ∝
( Φ
Φ0
)−1
sin
( Φ
Φ0
)
[I1 sin(ϕ+0 + ϕ) + I2 sin(ϕ
−
0 + ϕ)]. (20)
When the inversion symmetry breaking parameter vanishes,
the tilting parameter only controls the magnitude of total su-
percurrent passing through the triplet channel. The presence
of inversion symmetry breaking parameter induces more os-
cillations in the charge current (and thus the Fraunhofer pat-
tern) subject to an external magnetic field when increasing the
tilting parameter.
To gain more insight, we plot the spatial map of the abso-
lute value of Cooper pair wave function (i.e. the anomalous
Green’s function at equal times) within the junction area in
Fig. 3. We have set the external flux fixed at Φ = 2Φ0,
γ = 0.1, and the inversion symmetry breaking parameter
αz = 0.5. The rest of parameters are equal to those of
Fig. 2. From left to right, we increase the tilting parameter
7β = 0.15, 0.35, 0.45, 0.60, 0.75, 0.90. The external magnetic
field induces two vortices (n vortices for Φ = nΦ0) along the
junction interface in the y direction at the middle of junction
x = 063,76,79. Increasing β, the vortices move along the junc-
tion width in the y direction. This increase also reforms the
vortices so that the point-like cores at β = 0.15 turn to lines
with finite sizes expanded in the z direction and the destruction
of the pair wavefunction is no longer limited to the junction
area and extends into the superconductors. Our further inves-
tigates show that varying the strength of inversion symmetry
breaking parameter αz only drives the proximity vortices and
shifts the locations of vortex cores along the y direction with-
out changing the shape of the vortices’ profile whereas vary-
ing the tilting parameter when αz = 0 only changes the shape
of vortices the same as what is shown in Fig. 3 from left to
right, ignoring the location shifts. This is fully consistent with
the influences of αz and β on the charge current discussed in
passing and can be directly inferred from the dependence of
charge current density, Eq. (19), on β, γ, and αz.
V. CONCLUSIONS
In summary, we have generalized a quasiclassical model,
including the Eilenberger and Usadel equations, for Weyl
semimetals with impurities subject to an external magnetic
field. As a preliminary step in the application of these gen-
eralized techniques to practical systems, we have studied su-
percurrent flow through a diffusive Weyl semimetal Josephson
junction. We have found that the supercurrent can be carried
through a triplet channel with a nonzero threshold made of
dαz/(β ± γ) in which d is the thickness of Weyl semimetal,
αz is the strength of inversion breaking parameter, and β, γ
characterize Weyl semimetal. Our results demonstrate that
the tilting parameter, β, can control the induction of current
crossovers and the self-biased supercurrent independent of the
density of impurities present in the samples. We also consider
a two-dimensional Josephson junction and study the effect of
αz and β on the Cooper pair wavefunction, superconducting
vortices, and the response of charge current to an externally
applied magnetic field.
ACKNOWLEDGMENTS
M.A. is supported by Iran’s National Elites Foundation
(INEF). M.A. would like to thank A. Zyuzin for useful dis-
cussions and a careful reading of the paper. M.A. also thanks
G. Sewell for valuable discussions.
1 M. Z. Hasan and C. L. Kane, Colloquium: topological insula-
tors, Rev. Mod. Phys. 82, 3045 (2010); X.-L. Qi and S.-C. Zhang,
Topological insulators and superconductors, Rev. Mod. Phys. 83,
1057 (2011).
2 B. A. Bernevig, T. L. Hughes, and S-C. Zhang, Quantum spin Hall
effect and topological phase transition in HgTe quantum wells,
Science 314, 1757 (2006).
3 M. Knig, S. Wiedmann, C. Brne, A. Roth, H. Buhmann, L. W.
Molenkamp, X-L. Qi, and S-C. Zhang, Quantum spin Hall insu-
lator state in HgTe quantum wells, Science 318, 766 (2007).
4 S.-Y. Xu, etal., Discovery of a Weyl fermion semimetal and topo-
logical Fermi arcs, Science 349, 613 (2015).
5 A. A. Burkov and L. Balents, Weyl semimetal in a topological
insulator multilayer, Phys. Rev. Lett. 107, 127205 (2011).
6 A. A. Zyuzin and A. A. Burkov, Topological response in Weyl
semimetals and the chiral anomaly, Phys. Rev. B 86, 115133
(2012).
7 S.-M. Huang, etal., A Weyl Fermion semimetal with surface Fermi
arcs in the transition metal monopnictide TaAs class, Nat. Comm.
6, 7373 (2015).
8 B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P.
Richard, X. C. Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai,
T. Qian, and H. Ding, Experimental discovery of Weyl semimetal
TaAs, Phys. Rev. X 5, 031013 (2015).
9 A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer, X. Dai,
and B. A. Bernevig, Type-II Weyl semimetals, Nature (London)
527, 495 (2015).
10 C. Xu, B. Li, W. Jiao, W. Zhou, B. Qian, R. Sankar, N. D. Zhi-
gadlo, Y. Qi, D. Qian, F.-C. Chou, and X. Xu, Topological Type-
II Dirac Fermions Approaching the Fermi Level in a Transition
Metal Dichalcogenide NiTe2, Chem. Mater. 30, 4823 (2018).
11 R. Aguado, Majorana quasiparticles in condensed matter, La
Rivista del Nuovo Cimento 40, 523 (2017).
12 D.S. Shapiro, D.E. Feldman, A.D. Mirlin, and A. Shnirman, Ther-
moelectric transport in junctions of Majorana and Dirac chan-
nels, Phys. Rev. B 95, 195425 (2017).
13 M. Banerjee, M. Heiblum, V. Umansky, D. E. Feldman, Y. Oreg,
A. Stern, Observation of half-integer thermal Hall conductance,
arXiv:1710.00492.
14 G. Y. Cho, J. H. Bardarson, Y.-M. Lu, and J. E. Moore, Super-
conductivity of doped Weyl semimetals: Finite-momentum pair-
ing and electronic analog of the 3He-A phase, Phys. Rev. B 86,
214514 (2012).
15 H. Wei, S. Chao, and V. Aji, Odd-parity superconductivity in Weyl
semimetals, Phys. Rev. B 89, 014506 (2014).
16 G. Bednik, A. A. Zyuzin, and A. A. Burkov, Superconductivity in
Weyl metals, Phys. Rev. B 92, 035153 (2015).
17 T. Zhou, Y. Gao, and Z. D. Wang, Superconductivity in Weyl met-
als, Phys. Rev. B 93, 094517 (2016).
18 P. Hosur, X. Dai, Z. Fang, and X.-L. Qi, Time-reversal-invariant
topological superconductivity in doped Weyl semimetals, Phys.
Rev. B 90, 045130 (2014).
19 B. Lu, K. Yada, M. Sato, and Y. Tanaka, Crossed surface flat
bands of Weyl semimetal superconductors, Phys. Rev. Lett. 114,
096804 (2015).
820 R. Wang, L. Hao, B. Wang, C. S. Ting, Quantum anomalies in
superconducting Weyl metals, Phys. Rev. B 93, 184511 (2016).
21 Y. Li, F. D. M. Haldane, Topological nodal Cooper pairing in
doped Weyl metals, Phys. Rev. Lett. 120, 067003 (2018).
22 T. Meng and L. Balents, Weyl superconductors, Phys. Rev. B 86,
054504 (2012).
23 T. Das, Weyl semimetal and superconductor designed in an
orbital-selective superlattice, Phys. Rev. B 88, 035444 (2013).
24 U. Khanna, A. Kundu, S. Pradhan, and S. Rao, Proximity-induced
superconductivity in Weyl semimetals, Phys. Rev. B 90, 195430
(2014).
25 S. A. Yang, H. Pan, and F. Zhang, Dirac and Weyl superconduc-
tors in three dimensions, Phys. Rev. Lett. 113, 046401 (2014).
26 M. Alidoust, M. Willatzen, A.-P. Jauho, Strain-engineered Majo-
rana zero energy modes and ϕ0 Josephson state in black phospho-
rus, Phys. Rev. B 98, 085414 (2018).
27 M. Alidoust, M. Willatzen, A.-P. Jauho, Fraunhofer response and
supercurrent spin switching in black phosphorus with strain and
disorder, Phys. Rev. B 98, 184505 (2018).
28 E. V. Gorbar, V. A. Miransky, I. A. Shovkovy, P. O. Sukha-
chov, Inter-node superconductivity in strained Weyl semimetals,
arXiv:1809.00019.
29 T. Zhou, Y. Gao, and Z. D. Wang, Resolving different pairing
states in Weyl superconductors through the single-particle spec-
trum , Phys. Rev. B 98, 024515 (2018).
30 P. Fulde and R. A. Ferrell Phys. Rev. 135, A550 (1964); A.I.
Larkin, Yu.N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 47, 1136 (1964);
Sov. Phys. JETP 20: 762 (1965).
31 Y. Qi, etal., Superconductivity in Weyl semimetal candidate
MoTe2, Nature Comm. 7, 11038 (2016).
32 F. C. Chen, etal., Superconductivity enhancement in the S-doped
Weyl semimetal candidate MoTe2, Appl. Phys. Lett. 108, 162601
(2016).
33 X. Luo, etal., Td−MoTe2: A possible topological superconductor,
Appl. Phys. Lett. 109, 102601 (2016)
34 O. A. Pankratov, S. V. Pakhomov, and B. A. Volkov, Supersym-
metry in heterojunctions: Band-inverting contact on the basis of
Pb1−xSnxTe and Hg1−xCdxTe, Solid State Comm. 61, 93 (1987).
35 G. E. Volovik, The Universe in a Helium Droplet (Oxford Uni-
versity Press, Oxford, 2003); G.E. Volovik, Lifshitz transitions,
type-II Dirac and Weyl fermions, event horizon and all that, J.
Low Temp. Phys. 189, 276 (2017).
36 A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer, X. Dai,
and B. A. Bernevig, Type-II Weyl semimetals, Nature (London)
527, 495 (2015).
37 J. Ruan, S.-K. Jian, H. Yao, H. Zhang, S.-C. Zhang, and D. Xing,
Symmetry-protected ideal Weyl semimetal in HgTe-class materials
Nat. Commun. 7, 11136 (2016).
38 M. D. Bachmann, N. Nair, F. Flicker, R. Ilan, T. Meng, Nirmal J.
Ghimire, E. D. Bauer, F. Ronning, J. G. Analytis, P. Moll, Induc-
ing superconductivity in Weyl semimetal microstructures by selec-
tive ion sputtering, Science Advance 3, no. 5 (2017).
39 R. C. Xiao, P. L. Gong, Q. S. Wu, W. J. Lu, M. J. Wei, J. Y. Li,
H. Y. Lv, X. Luo, P. Tong, X. B. Zhu, and Y. P. Sun, Manipula-
tion of type-I and type-II Dirac points in PdTe2 superconductor by
external pressure, Phys. Rev. B 96, 075101 (2017).
40 B. Rosenstein, B.Y. Shapiro, D. Li, I. Shapiro, Magnetic proper-
ties of type-I and type-II Weyl semimetals in the superconducting
state, Phys. Rev. B 97, 144510 (2018).
41 Z. Hou and Q. Sun, Double Andreev Reflections in Type-II Weyl
Semimetal-Superconductor Junctions, Phys. Rev. B 96, 155305
(2017).
42 X.-S. Li, S.-F. Zhang, X.-R. Sun, W.-J. Gong, Double An-
dreev reflections and double electron transmissions in a normal-
superconductor-normal junction based on type-II Weyl semimetal,
arXiv:1805.07928.
43 S.-B. Zhang, F. Dolcini, D. Breunig, B. Trauzettel, Appearance of
the universal value e2/h of the zero-bias conductance in a Weyl
semimetal-superconductor junction, Phys. Rev. B 97, 041116
(2018).
44 S.-B. Zhang, J. Erdmenger, B. Trauzettel, Chirality Josephson
current due to a novel quantum anomaly in inversion-asymmetric
Weyl semimetals, arXiv:1806.08111.
45 A. Chen, D. I. Pikulin, and M. Franz, Josephson current sig-
natures of Majorana flat bands on the surface of time-reversal-
invariant Weyl and Dirac semimetals, Phys. Rev. B 95, 174505
(2017).
46 Y. Xu, S. Uddin, J. Wang, Z. Ma, and J.-F. Liu, Electrically
modulated SQUID with a single Josephson junction coupled by
a time reversal breaking Weyl semimetal thin film, Phys. Rev. B
97, 035427 (2017).
47 J. Fang, W. Duan, J. Liu, C. Zhang, and Z. Ma, Pairing-dependent
superconductivity gap and nonholonomic Andreev reflection in
Weyl semimetal/Weyl superconductor heterojunctions, Phys. Rev.
B 97, 165301 (2018).
48 N. Bovenzi, M. Breitkreiz, P. Baireuther, T. E. OBrien, J.
Tworzydlo, I. Adagideli, and C. W. J. Beenakker, Chirality block-
ade of Andreev reflection in a magnetic Weyl semimetal, Phys.
Rev. B 96, 035437 (2017).
49 S. Das, Amit, A. Sirohi, L. Yadav, S. Gayen, Y. Singh,
and G. Sheet, Conventional Superconductivity in Type-II Dirac
Semimetal PdTe2, Phys. Rev. B 97, 014523 (2017).
50 A. Kononov, O.O. Shvetsov, S.V. Egorov, A.V. Timonina, N.N.
Kolesnikov, E.V. Deviatov, Signature of Fermi arc surface states
in Andreev reflection at the WTe2 Weyl semimetal surface, Euro-
Phys. Lett. 122, 27004 (2018).
51 A. Kononov, O.O. Shvetsov, S.V. Egorov, A.V. Timonina, N.N.
Kolesnikov, E.V. Deviatov, pi periodicity in Josephson effect for a
three-dimensional Weyl semimetal WTe2 , arXiv:1809.03902.
52 C. Heikes, I.-L. Liu, T. Metz, C. Eckberg, P. Neves, Y. Wu, L.
Hung, P. Piccoli, H. Cao, J. Leao, J. Paglione, T. Yildirim, N. P.
Butch, W. Ratcliff, Mechanical control of crystal symmetry and
superconductivity in Weyl semimetal MoTe2, arXiv:1804.09093.
53 S. Teknowijoyo, N. H. Jo, M. S. Scheurer, M. A. Tanatar, K.
Cho, S. L. Bud’ko, P. P. Orth, P. C. Canfield, R. Prozorov, Node-
less superconductivity in type-II Dirac semimetal PdTe2: low-
temperature London penetration depth and symmetry analysis,
arXiv:1804.00723.
54 A. Sirohi, S. Das, R. R. Chowdhuri, A., Y. Singh, S. Gayen, G.
Sheet, Mixed type I and type-II superconductivity due to intrinsic
electronic inhomogeneities in the type-II Dirac semimetal PdTe2,
arXiv:1804.10837.
55 P. Lu, J.-S. Kim, J. Yang, H. Gao, J. Wu, D. Shao, B. Li, D. Zhou,
J. Sun, D. Akinwande, D. Xing, and J.-F. Lin, Origin of supercon-
ductivity in the Weyl semimetal WTe2 under pressure, Phys. Rev.
B 94, 224512 (2016).
56 H. Takahashi, T. Akiba, K. Imura, T. Shiino, K. Deguchi, N. K.
Sato, H. Sakai, M. S. Bahramy, and S. Ishiwata, Anticorrelation
between polar lattice instability and superconductivity in the Weyl
semimetal candidate MoTe2, Phys. Rev. B 95, 100501(R) (2017).
57 Z. Guguchia, F. von Rohr, Z. Shermadini, A. T. Lee, S. Banerjee,
A. R. Wieteska, C. A. Marianetti, B. A. Frandsen, H. Luetkens,
Z. Gong, S. C. Cheung, C. Baines, A. Shengelaya, G. Taniashvili,
A. N. Pasupathy, E. Morenzoni, S. J. L. Billinge, A. Amato, R.
J. Cava, R. Khasanov, and Y. J. Uemura, Signatures of the topo-
logical s± superconducting order parameter in the type-II Weyl
semimetal TdMoTe2, Nat. Comm. 8, 1082 (2017).
958 Q. Li, C. He, Y. Wang, E. Liu, M. Wang, Y. Wang, J. Zeng, Z.
Ma, T. Cao, C. Yi, N. Wang, K. Watanabe, T. Taniguchi, L. Shao,
Y. Shi, X. Chen, S.-J. Liang, Q.-H. Wang, F. Miao, Proximity-
Induced Superconductivity with Subgap Anomaly in Type-II Weyl
Semi-Metal WTe2, Nano Lett. (2018).
59 G. E. Volovik, Exotic Lifshitz transitions in topological materials,
arXiv:1701.06435.
60 M. Alidoust, K. Halterman, and A. A. Zyuzin, Superconductivity
in type-II Weyl semimetals, Phys. Rev. B 95, 155124 (2017).
61 D. Li, B. Rosenstein, B. Ya. Shapiro, and I. Shapiro, Effect of the
type I to type II Weyl semimetal topological transition on super-
conductivity, Phys. Rev. B 95, 094513 (2017).
62 E. Y. Ma, M. R. Calvo, J. Wang, B. Lian, M. Muhlbauer, C.
Brune, Y.-T. Cui, K. Lai, W. Kundhikanjana, Y. Yang, M. Baen-
ninger, M. Konig, C. Ames, H. Buhmann, P. Leubner, L. W.
Molenkamp, S.-C. Zhang, D. Goldhaber-Gordon, M. A. Kelly,
and Z.-X. Shen, Unexpected edge conduction in mercury telluride
quantum wells under broken time-reversal symmetry, Nat. Com-
mun. 6 7252 (2015).
63 A. Zyuzin, M. Alidoust, D. Loss, Josephson junction through a
disordered topological insulator with helical magnetization, Phys.
Rev. B 93, 214502 (2016).
64 I. V. Bobkova, A. M. Bobkov, A. A. Zyuzin, M. Alidoust, Mag-
netoelectrics in disordered topological insulator Josephson junc-
tions, Phys. Rev. B 94, 134506 (2016).
65 M. Alidoust and H. Hamzehpour, Spontaneous supercurrent and
ϕ0 phase shift parallel to magnetized topological insulator inter-
faces, Phys. Rev. B 96, 165422 (2017).
66 V. Braude and Yu. V. Nazarov, Fully developed triplet proximity
effect, Phys. Rev. Lett. 98, 077003 (2007); R. Grein, M. Eschrig,
G. Metalidis, and G. Schon, Spin-dependent Cooper Pair Phase
and Pure Spin Supercurrents in Strongly Polarized Ferromagnets,
Phys. Rev. Lett. 102, 227005 (2009); M. Eschrig, T. Lfwander,
Triplet supercurrents in clean and disordered half-metallic ferro-
magnets, Nature Phys. 4, 138 (2008); F. Konschelle, A. Buzdin,
Magnetic moment manipulation by a Josephson current, Phys.
Rev. Lett. 102, 017001 (2009); Y. Tanaka, T. Yokoyama, N. Na-
gaosa, Manipulation of the Majorana fermion, Andreev reflection,
and Josephson current on topological insulators, Phys. Rev. Lett.
103, 107002 (2009).
67 A. Assouline, C. Feuillet-Palma, N. Bergeal, T. Zhang, A. Mot-
taghizadeh, A. Zimmers, E. Lhuillier, M. Marangolo, M. Eddrief,
P. Atkinson, M. Aprili, H. Aubin, Spin-Orbit induced phase-shift
in Bi2Se3 Josephson junctions, arXiv:1806.01406.
68 G. Eilenberger, Transformation of Gorkov’s equation for type II
superconductors into transport-like equations, Z. Phys. 214, 195
(1968).
69 K. D. Usadel, Generalized diffusion equation for superconducting
alloys, Phys. Rev. Lett. 25, 507 (1977).
70 F. Konschelle, Transport equations for superconductors in the
presence of spin interaction, Euro. Phys. J. B 87, 119 (2014).
71 F. S. Bergeret and I. V. Tokatly, Spin-orbit coupling as a source of
long-range triplet proximity effect in superconductor-ferromagnet
hybrid structures, Phys. Rev. B 89, 134517 (2014); I. V. Tokatly,
Usadel equation in the presence of intrinsic spin-orbit coupling:
A unified theory of magnetoelectric effects in normal and super-
conducting systems, Phys. Rev. B 96, 060502(R) (2017).
72 C. Huang, I. V. Tokatly, and F. S. Bergeret, Extrinsic spin-charge
coupling in diffusive superconducting systems, Phys. Rev. B 98,
144515 (2018).
73 M. Alidoust, K. Halterman, Spontaneous edge accumulation of
spin currents in finite-size two-dimensional diffusive spin-orbit
coupled SFS heterostructures, New J. Phys. 17, 033001 (2015).
74 M. Alidoust, K. Halterman, Long-range spin-triplet correlations
and edge spin currents in diffusive spin-orbit coupled SNS hy-
brids with a single spin-active interface, J. Phys: Cond. Matt. 27,
235301 (2015).
75 H. Chakraborti, S. Deb, R. Schott, V. Thakur, A. Chatterjee, S.
Yadav, R. K. Saroj, A. D. D Wieck, S. M. Shivaprasad, K. Das
Gupta, and S. Dhar, Coherent transmission of superconducting
carriers through a ∼ 2 micron polar semiconductor, Supercon-
ductor Science and Tech. (2018).
76 M. Alidoust and K. Halterman, Proximity induced vortices and
long-range triplet supercurrents in ferromagnetic Josephson junc-
tions and spin valves, J. Appl. Phys. 117, 123906 (2015).
77 A. V. Zaitsev, Sov. Phys. JETP 59, 1015 (1984); M. Y. Kuprianov
and V. F. Lukichev, Sov. Phys. JETP 67, 1163 (1988).
78 J. Wiedenmann, E. Bocquillon, R. S. Deacon, S. Hartinger, O.
Herrmann, T. M. Klapwijk, L. Maier, C. Ames, C. Brne, C.
Gould, A. Oiwa, K. Ishibashi, S. Tarucha, H. Buhmann and L. W.
Molenkamp, 4pi-periodic Josephson supercurrent in HgTe-based
topological Josephson junctions, Nat. Comm. 7, 10303 (2016);
C. Li, J. C. de Boer, B. de Ronde, S. V. Ramankutty, E. van
Heumen, Y. Huang, A. de Visser, A. A. Golubov, Mark S. Golden
and A. Brinkman, 4pi-periodic Andreev bound states in a Dirac
semimetal, Nat. Mat. 17, 875 (2018).
79 M. Alidoust, A. Zyuzin, K. Halterman, Pure Odd Frequency Su-
perconductivity at the Cores of Proximity Vortices, Phys. Rev. B
95, 045115 (2017).
